ABSTRACT Most of the decisive molecular events in biology take place at the protein-water interface. The dynamical properties of the hydration layer are therefore of fundamental importance. To characterize the dynamical heterogeneity and rotational activation energy in the hydration layer, we measured the 17 O spin relaxation rate in dilute solutions of three proteins in a wide temperature range extending down to 238 K. We find that the rotational correlation time can be described by a power-law distribution with exponent 2.1-2.3. Except for a small fraction of secluded hydration sites, the dynamic perturbation in the hydration layer is the same for all proteins and does not differ in any essential way from the hydration shell of small organic solutes. In both cases, the dynamic perturbation factor is ,2 at room temperature and exhibits a maximum near 262 K. This maximum implies that, at low temperatures, the rate of water molecule rotation has a weaker temperature dependence in the hydration layer than in bulk water. We attribute this difference to the temperature-independent constraints that the protein surface imposes on the water H-bond network. The free hydration layer studied here differs qualitatively from confined water in solid protein powder samples.
INTRODUCTION
The biological functions of most proteins depend critically on the dynamical properties of the protein-water interface. It is therefore of fundamental importance to obtain a quantitative description of water dynamics in the hydration layer enveloping the protein. Many experimental techniques have been applied to this problem, but our understanding is still incomplete (1) . Studies of protein hydration dynamics are challenging for several reasons. First, few techniques can probe water molecules selectively. Second, at physiologically relevant hydration levels, the measured property tends to be dominated by the large excess of bulk water. Third, the mobility of water molecules varies by orders of magnitude among different hydration sites on the structurally heterogeneous protein surface.
Oxygen-17 spin relaxation has been used extensively to study single-molecule rotation in bulk water (2, 3) and in the hydration shells of small organic solutes (4, 5) and proteins (1, 6, 7) in dilute aqueous solution. In the case of protein solutions, frequency-dependent 17 O magnetic relaxation dispersion (MRD) measurements allow detailed characterization of internal water molecules (6, 8) , but provide only limited information about the rapidly exchanging water molecules in the external hydration layer (1, 7) . Essentially, the 17 O spin relaxation rate R 1 at high resonance frequency (;100 MHz) yields the average rotational correlation time AEtae for all water molecules in the hydration layer, often reported as the dynamic perturbation factor (DPF) j H ¼ AEtae/t 0 , where t 0 is the bulk-water correlation time. (The DPF is sometimes called the rotational retardation factor (1).) Because of the topographical and chemical heterogeneity of the protein surface, the t-distribution ranges from picoseconds to nanoseconds (1, 9, 10) . In principle, information about this distribution could be obtained from measurements of the intermolecular cross-relaxation between water protons and spectrally resolved protons on the protein surface (11) . However, because the cross-relaxation rate is usually dominated by long-range dipole couplings to remote bulk-water protons (7, 12) , this approach has not provided useful information about dynamics in the protein hydration layer.
Our principal aim here is to use 17 O spin relaxation to elucidate the generic dynamical behavior of the protein hydration layer in the presence of excess bulk water. Current magnet technology sets an upper limit of ;100 MHz for the 17 O resonance frequency, so the picosecond-nanosecond hydration layer dynamics cannot be resolved directly in the frequency domain, as for internal water molecules (8) . Our strategy is instead to characterize the dynamically heterogeneous hydration layer via the temperature dependence of the 17 O spin relaxation rate at a fixed high frequency. For this strategy to be effective, measurements must be performed over a wide temperature range. High temperatures are precluded by thermal denaturation and dominant internal water contributions to the 17 O relaxation rate even at high frequencies. On the low temperature side, water freezing presents an obstacle. However, by dispersing the protein solution in the form of emulsion droplets, the (metastable) liquid state can be maintained down to the homogeneous nucleation temperature (13, 14) . We have thus studied dilute solutions of three proteins in a 50 K temperature range extending down to 238 K. Accurate relaxation measurements in the deeply supercooled regime are technically challenging and until recently such data were not available even for small doi: 10.1529/biophysj.108.135194 organic solutes (5) . For small solutes, the data can be analyzed in a straightforward and essentially model-independent way. For proteins, data analysis is complicated by the strong dynamical heterogeneity. Before presenting the experimental results, we therefore outline the theoretical framework needed to analyze this kind of data.
The three proteins studied here, bovine pancreatic trypsin inhibitor (BPTI), ubiquitin, and b-lactoglobulin (BLG), were selected because they do not undergo cold denaturation in the investigated temperature range and because results from previous MRD studies (8, 15) of the long-lived internal water molecules in these proteins allow us to reliably correct for the (small) contribution from internal water molecules to R 1 at high frequencies.
MATERIALS AND METHODS

Sample preparation
Bovine pancreatic trypsin inhibitor (BPTI, batch 9104, 97% purity by HPLC) from Bayer HealthCare AG (Wuppertal, Germany) was exhaustively dialyzed to remove residual salt. Ubiquitin was expressed in Escherichia coli and was purified to .99% as described (8) . Bovine b-lactoglobulin (BLG) isoform A (cat. No. L-7880; Sigma, St. Louis, MO) was purified by anion exchange and size-exclusion chromatography as described in Qvist et al. (15) . Protein solutions were prepared by dissolving the purified lyophilized protein in (Table 1) . Protein concentrations, expressed as the water/protein mole ratio N W (Table 1) , were determined with ;1% accuracy by complete amino-acid analysis. Nuclear magnetic resonance (NMR) measurements were made down to 238 K on emulsions of protein solution in heptane, with sorbitan tristearate as emulsifier (5) . In a typical emulsion droplet of 10 mm diameter, only 0.3% of the protein molecules in the solution are within 5 nm of the interface. Furthermore, polyols (like the sorbitan headgroup of the emulsifier) are preferentially excluded from protein surfaces, so the protein should not interact strongly with the interface. Indeed, no effect of the interface could be detected in control experiments where 
Spin relaxation measurements
The relaxation rate R 1 of the water 17 O longitudinal magnetization was measured at 81.3 MHz on a Varian Unity Plus 600 spectrometer (Varian Cary, Palo Alto, CA). R 1 was determined with 0.5-1.0% accuracy from a three-parameter fit to the single-exponential magnetization curve obtained with the inversion recovery pulse sequence with 30 delay times in nonmonotonic order. The small scatter indicated that no freezing occurred during relaxation measurements down to 238 K. Reported R 1 values are averages of several measurements. At each temperature, measurements of R 0 1 on a pure water reference sample were alternated with solution R 1 measurements. The samples were carefully equilibrated at each temperature, which was regulated to within 0.1 K with a precooled stream of dry air and determined before and after R 1 measurements with a copper-constantan thermocouple in an NMR tube containing a water-ethanol mixture.
Hydration numbers
The number of water molecules in the first hydration layer around the protein was computed as N H ¼ A S /a W , where A S is the solvent-accessible surface area (SASA) of the protein and a W is the amount of SASA occupied by one water molecule on average. The SASA was computed with GetArea 1.1 (17), using 1.7 Å probe radius and standard van der Waals radii (18) . We used the value a W ¼ 10.75 Å 2 , established for peptides and other organic solutes (5) by requiring that the SASA-derived hydration number N H matches the hydration number computed from a molecular dynamics (MD) simulation as the mean number of water molecules satisfying at least one of the following criteria:
These cutoff distances are close to the first minimum in the radial distribution function (19 The water 17 O spin relaxation rate R 1 in a protein solution exceeds the bulk-water value R 0 1 because the water molecules that interact with the protein rotate more slowly. The exceptionally high cohesive energy density of liquid water, stemming from the small size and fourfold hydrogen-bonding capacity of the water molecule, essentially limits the range of the protein-induced perturbation to the first hydration layer (and to the few water molecules that penetrate the protein). Support for this view comes from NMR relaxation studies of model systems (22, 23) and from MD simulations (21, 24) . (Note that, in MD simulations, the first hydration shell of apolar groups is sometimes included in the second hydration layer of the protein (21, 25) .) Accordingly, we attribute the observed relaxation enhancement to the N H water molecules in the first hydration layer (Table 1) and to the N I internal water molecules. The 
where R 0 1 ðTÞ is the 17 O spin relaxation rate for a pure-water reference sample.
In the second term, the angular brackets represent an average over the N H sites in the hydration layer. The form of this term assumes that all hydration sites are in the fast-exchange limit, which is the case at the high resonance frequency used here, v 0 /(2p) ¼ 81. 
is the cosine transform of the time correlation function (TCF),
where t P is the rotational correlation time of the protein (Table 1) and t is the rotational correlation time of a water molecule in the hydration site. This form of the TCF follows from the statistical independence of protein tumbling and water motions in the hydration layer. The third term in Eq. 1 describe the contribution to R 1 from N I internal water molecules. Here, we do not assume fast exchange but only dilute conditions (N I ( N W ). The effective average intrinsic relaxation rate for the internal-water class is (6)
where t I k is the mean water residence time in internal site k. The intrinsic relaxation rate R I 1;k ðv 0 ; TÞ is given by expressions analogous to Eqs. 2-4, except that the TCF is now
where S I K is the orientational order parameter of a water molecule in site k (6).
By measuring R 1 for a protein solution and R 0 1 for a purewater reference sample at the same temperature, we can obtain the apparent dynamic perturbation factor (ADPF), defined as
where N W is the water/protein mole ratio in the sample and N H is the number of water molecules in the hydration layer ( 
Our aim here is to study the hydration-layer ADPF j H (v 0 ,T), so we minimize the internal-water contribution j I (v 0 ,T) by measuring R 1 at a high resonance frequency, v 0 /(2p) ¼ 81.3 MHz. The remaining small j I (v 0 ,T) contribution was computed from Eq. 10 with known parameter values (8, 15) . After this minor correction, we thus obtain j H (v 0 ,T) from the experimental data. The central problem, which we now address, is to interpret the temperature dependence of j H (v 0 ,T).
Dynamic heterogeneity in the hydration layer
The angular brackets in Eq. 9 signify an average over the temperature-dependent distribution f(t,T) of correlation times t in the hydration layer. To calculate this average, we need to know the mathematical form of the distribution function f(t,T). From previous MRD studies (1,7), we know that the longest water correlation times in the hydration layer are in the nanosecond range at room temperature. The shortest correlation times, at exposed hydration sites, should be similar to the bulk-water correlation time of ;2 ps at room temperature. The correlation time distribution is therefore very wide, spanning three orders of magnitude. The precise functional form of the distribution has not been determined experimentally, but the MRD data (1,7) require it to be highly skewed toward shorter t-values, with only a small number of hydration sites in the nanosecond range. This limited experimental information is consistent with the more detailed results of molecular dynamics (MD) simulations (9, 10, 26, 27) . The simulations indicate that the distribution of correlation times in the hydration layer of proteins can be described by a power law. We therefore adopt the power-law form
where C(T) is a normalization constant and the exponent n is assumed to be independent of temperature, as indicated by MD simulations (9) . At a given temperature, the correlation times of the N H ¼ 380-735 water molecules (Table 1) in the hydration layer fall in a broad but finite range: t -(T) # t # t 1 (T). Within this temperature-dependent range, the correlation times are taken to be distributed according to Eq. 11. Outside this range, f(t,T) ¼ 0. We must now specify the limits of the distribution. From previous MRD studies (1, 6, 7, 28) and MD simulations (9,10,21,24,26,27,29-31) of protein solutions and from studies of the hydration dynamics of small organic solutes (5,32-35), we know that, at room temperature, the lower limit t -is close to the bulk-water correlation time t 0 and that the upper limit t 1 is a few nanoseconds. As a natural choice for the upper limit, we choose the protein tumbling time t P , which is in the nanosecond range for the investigated proteins ( Table 1 ). This choice is not critical, because the averages in Eq. 9 are quite insensitive to the upper limit t 1 (Appendix A). This is so because 1), the power-law distribution is highly skewed toward shorter correlation times; and 2), protein tumbling acts to filter-out longer correlation times (see Eq. 4). We introduce a reference temperature T*, where these limits apply. This temperature should be close to room temperature and we choose the temperature T* ¼ 293.2 K, where many of the previous studies have been performed. At this temperature, t 0 ¼ 1.8 ps (2, 3) . At the reference temperature, we thus have
To obtain the distribution f(t,T) at an arbitrary temperature T, we must know how the limits t -(T) and t 1 (T) vary with temperature. From
17
O spin relaxation measurements on supercooled bulk water, we know the temperature dependence of t 0 (2,3). Furthermore, the protein tumbling time t P is known to scale as h 0 (T)/T (36) and the temperature dependence of the bulk-water viscosity h 0 is known (37) . At low temperatures, and especially in the supercooled regime, both t 0 and h 0 exhibit an anomalously strong (superArrhenius) temperature dependence, caused by interference with the cooperative rotation mechanism (38) as the bulk liquid structure becomes more open and tetrahedrally ordered, that is, more icelike (39) . However, in the hydration layer, the fixed (temperature-independent) geometric and H-bonding constraints imposed by the protein surface prevent the structural changes responsible for the anomalous temperature dependence of bulk-water dynamics. We therefore expect water dynamics in the hydration layer to exhibit a weaker, more normal (Arrhenius-like) temperature dependence than in bulk water. This has recently been shown to be the case for peptides and other small organic solutes (5). We thus assume that the temperature dependence of the shortest and longest water correlation time in the protein hydration layer follow the Arrhenius law, but with different activation energies and preexponential factors. (Note that it is not necessary to assume that all water molecules in the hydration layer follow the Arrhenius law.) The limits of the power-law distribution, given by Eq. 12 at T*, then vary with temperature as
Since the upper limit t 1 (T) is unimportant (see above), the effect of the assumed Arrhenius law essentially enters via the lower limit t -(T). We have tested Eq. 13 by analyzing the relaxation data with an extended model, where the activation energy E À H is allowed to depend linearly on temperature. The results indicate that Eq. 13 is an excellent approximation in the investigated temperature range (Appendix A).
The width of the correlation time range is essentially determined by the activation energies E À H and E 1 H ; rather than by the preexponential factors A -and A 1 . In other words: jln(A 1 / A À )j( ln½t 1 ðT Ã Þ=t À ðT Ã Þ so that Eqs. 12 and 13 yield
The model thus contains only two free parameters, which we choose as n and E 
The hydration-layer-averaged spectral density function in Eq. 9 can now be obtained from Eqs. 3 and 13-15. The protein tumbling time t P (T) in Eq. 15 is obtained from experimentally determined values at T* (Table 1 ) and the hydrodynamic h 0 (T)/T scaling (36) . In general, the cosine transform in Eq. 3 must be evaluated numerically, but for the special case n ¼ 2 we obtain the simple analytical result
where
At high frequencies and low temperatures, where ðvt
2 ) 1; and t À ( t 1 ,t p , Eq. 17 reduces to
Substitution of this result into Eq. 9 yields for the ADPF
Once the model parameters n and E À H have been determined from a fit to the experimental j H (v 0 ,T), we can calculate the temperature variation of the mean correlation time AEtae and the true DPF j H ðTÞ [ AEtae=t 0 : We can also calculate these quantities for subpopulations, such as the 50% most mobile water molecules in the hydration layer. To calculate the partial DPF j H (T,p), we need the average correlation time AEt(T,p)ae for the fraction p of hydration sites with shortest correlation times. For the power-law distribution in Eq. 11, we obtain
with
For p ¼ 1 (the entire hydration layer), Eq. 22 reduces to t p (T) ¼ t 1 (T). If t 1 ) t -, Eq. 21 yields for n ¼ 2 and p ¼ 1,
For this case, the effective activation energy of AEtðTÞae becomes
where we have used Eq. 13. A related, but more general, result can be obtained if we assume that the correlation times at all hydration sites obey the Arrhenius law with the same preexponential factor but with different activation energies. The power-law t-distribution in Eq. 11 then corresponds to an exponential distribution of activation energies in the range
with the normalization constant D(T). From this distribution, we can calculate the mean activation energy for the hydration layer. For t 1 ) t -, we obtain the simple result
which coincides with Eq. 24 for n ¼ 2.
EXPERIMENTAL RESULTS
For dilute aqueous solutions of the three proteins BPTI, ubiquitin, and b-lactoglobulin (BLG), we have measured the water 17 O spin relaxation rate R 1 (v 0 ,T) at a resonance frequency of 81.3 MHz and in a 50 K temperature range extending down to 238 K. At each temperature, we also measured the relaxation rate R 0 1 or a pure-water reference sample. To prevent the samples from freezing, the aqueous phase was dispersed as ;10 mm-sized droplets in an emulsion (13) . Because of the extremely strong temperature dependence of water dynamics at these low temperatures (2,3), high-precision relaxation measurements and careful temperature control are required (see Materials and Methods) to extract the hydration-layer dynamics from the small difference between R 1 and R 0 1 : The measured R 1 is an average over all rapidly exchanging water molecules in the sample, comprising bulk water, hydration water (in direct contact with the protein surface), and internal water (buried in cavities inside the protein). The contributions from these water classes, described by the three terms in Eq. 1, are shown in Fig. 1 for the ubiquitin sample. The internal-water contribution, which is very small, was calculated (at the experimental temperatures) from Eqs. 1-6 with parameter values from Table 1 and Persson and Halle (8) . The bulk-water contribution was obtained from the relaxation rate R 0 1 measured on a pure-water reference sample, using N W and N H values from Table 1 . Finally, the hydration-layer contribution was obtained by subtracting the internal-water and bulk-water contributions from the relaxation rate R 1 measured on the protein solution. The data in Fig. 1 show 1) , that the hydration-layer contribution is an order-of-magnitude smaller than the bulk-water contribution at a protein concentration of 5 mM; and 2), that, at low temperatures, the hydration-layer contribution has a weaker temperature dependence than the bulk-water contribution.
For a quantitative comparison of the temperature dependencies of the hydration-layer and bulk-water contributions, we focus on their ratio, that is, on the apparent dynamic perturbation factor (ADPF) for the hydration layer, j H (v 0 ,T), defined in Eq. 9. This quantity is obtained by subtracting the small (negligible at low temperatures) internal-water contribution j I (v 0 ,T) from the total ADPF j(v 0 ,T), obtained from the measured R 1 (v 0 ,T) and R 0 1 values by means of Eq. 7. The internal-water contribution is calculated with the aid of Eqs. 
: For BPTI, these quantities have been determined for all four internal water molecules at the reference temperature T* (8). The order parameters are governed by the protein structure and should therefore be essentially independent of temperature. The temperature dependence of the residence times is described by activation energies that have been determined experimentally (8) . For ubiquitin (N I ¼ 1) and BLG (N I ¼ 3), the internal-water contribution is negligibly small at all investigated temperatures. Nevertheless, this small contribution was computed from the known or estimated internal-water parameters (8, 15) and subtracted from the total ADPF.
The measured total ADPF and its hydration-layer and internal-water contributions, separated as described above, are shown in Fig. 2 for the three proteins. Evidently, the internalwater contribution (dark shaded area) is significant only for BPTI, and then only at the higher temperatures. The dominant hydration-layer ADPF j H (v 0 ,T) (light shaded area) exhibits a broad maximum at 267-271 K for the three proteins. Such a maximum has not been observed previously for proteins. The j H (v 0 ,T) curves in Fig. 2 were obtained from fits where the two free parameters in the model were adjusted: the exponent n in the power-law correlation time distribution (Eq. 11) and the activation energy E À H at the short-t end of the distribution (Eq. 13). The resulting parameter values are given in Table 1 . The exponent n has the same value for BPTI and ubiquitin. The slightly smaller value for BLG implies a broader t-distribution, consistent with an unusually large (but still (1) fraction of hydration sites with long correlation times (comparable to, or longer than, 1/v 0 ). This conclusion is consistent with the observation of an unusually strong frequency dependence in the 10-100 MHz range of the roomtemperature MRD profile of BLG (15 From the model parameters n and E À H ; we can calculate the temperature variation of the true (rather than apparent) DPF j H (T), which relates hydration-layer dynamics to bulk-water dynamics in an essentially method-independent and modelindependent way. The temperature dependence of the DPF j H (T) exhibits a maximum at 262 6 1 K for all three proteins (Table 1, Fig. 3, left panel) . Formally,
where E 0 and E H are the apparent Arrhenius activation energies of t 0 and AEtae, respectively, defined as in Eq. 24. The DPF maximum thus occurs at the crossover temperature T X where the weakly temperature-dependent (Eq. 24) activation energy E H of the mean hydration-layer correlation time AEtae matches the strongly temperature-dependent activation energy E 0 of the bulk-water correlation time t 0 :
The reduction of j H (T) at lower temperatures is thus primarily caused by the drastic slowing down of bulk-water motions. The ADPF curves (Fig. 2) do not differ much from the DPF curves (Fig. 3, left panel) , suggesting that the reason for the reduction of j H (v 0 ,T) at low temperatures is the same as for j H (T). At first sight, one might be tempted to interpret the ADPF maxima in Fig. 2 in terms of a maximum in the spectral density function t=½11ðv 0 tÞ 2 with increasing correlation time t. However, this cannot be the case because nearly all water molecules in the hydration layer have subnanosecond correlation times even at the lowest investigated temperature. Furthermore, if this explanation were correct, then AER H 1 ðv 0 ; TÞae would exhibit a maximum, which is not the case (Fig. 1) . The frequency dependence in AER H 1 ðv 0 ; TÞae reduces the magnitude of j H (v 0 ,T) and shifts the temperature of its maximum slightly, but it does not give rise to the j H (v 0 ,T) maximum. This frequency dependence explains why the difference between the ADPF curves in Fig. 2 and the DPF curves in Fig. 3 (left panel) is largest for BLG, which contains the largest fraction hydration sites with correlation times of order 1/v 0 or longer (15) . This fraction of relatively slow hydration sites also accounts for the substantially larger maximum DPF for BLG (7.4) as compared to BPTI (4.7) and ubiquitin (4.9) in Fig. 3 (left panel) . (The experimentally determined powerlaw exponent n is close to 2, where equal intervals of log(t) make equal contributions to AEtae.) (Table 1) to the data (solid circles).
From the model parameters n and E À H ; we can also calculate the partial DPF j H (T,p) for the most mobile fraction p of the N H water molecules in the hydration layer (Eq. 21). Whereas the DPF can be strongly affected by a minor fraction of protein-specific hydration sites, the partial DPF for the 90 or 50% most mobile water molecules in the hydration layer should reflect the generic dynamics for most of the hydration layer. Although based on only three proteins, the convergence of the 50% DPF curves (Fig. 3 , right panel) supports this view.
The different temperature dependence of bulk and hydration water dynamics is displayed in the form of an Arrhenius plot in Fig. 4 . Whereas the t 0 curve is strongly curved (superArrhenius temperature dependence), the AEtae curves are nearly linear. The high degree of linearity is to some extent a result of assuming that t -(T) obeys the Arrhenius law (Eq. 13), since for a broad distribution (with t 1 ) t À ), AEtae is approximately proportional to t -(T) (Eq. 23). However, the data in Fig. 2 demonstrate in a model-independent way that the activation energy has a weaker temperature dependence for AEtae than for t 0 . Moreover, three-parameter fits to the data in Fig.   2 allowing for a linear temperature dependence in E À H show that this dependence is insignificant (Appendix A). The data do not uniquely determine the functional form of the distribution f(t,T), but they are consistent with a power-law distribution. Given this functional form, the data indicate that the temperature dependence of AEtae does not deviate much from the Arrhenius law in the range 238-288 K, where t 0 deviates strongly (Fig. 4) .
DISCUSSION
Proteins versus peptides
The DPF at 300 K has been determined previously from the MRD profiles for the three proteins studied here and several others (1, 20) . Extrapolating the curves in Fig. 3 (left panel) to 300 K, we find j H values of 3.6 for BPTI and ubiquitin, and 5.3 for BLG, consistent with previous results (15, 40) . The mean and standard deviation for 11 monomeric proteins was reported as j H ¼ 1 1 (0. 30 To what extent, and why, does the hydration layer differ from one protein to another? The majority of the several hundred water molecules that constitute the hydration layer of a protein are associated with convex protrusions on the surface and only a minority of the hydration waters occupy concave depressions or pockets on the protein surface. It is in the latter, more secluded, locations that we find the water molecules with the longest correlation times (1, 10, 26, 27) . The substantial variation of the full DPF j H (T, p ¼ 1) among different proteins (Fig. 3, left panel) reflects protein-specific variations in the relative abundance of such secluded hydrations sites. The convergence of the partial DPFs j H (T, p) as the secluded hydrations sites are removed from the average (p ¼ 1 / 0.9 / 0.5) suggests that the remaining major part of the hydration layer has the same average dynamics for most proteins (Fig. 3, middle and right panels) .
Disregarding the protein-specific small subset of secluded hydration sites, does the dominant generic part of the protein hydration layer differ dynamically from the hydration shell of small organic solutes? The hydration structure of a small apolar solute (like methane) differs from that at a flat apolar FIGURE 3 Temperature dependence of the hydration-layer DPF j H (T,p) for BPTI (solid curves), ubiquitin (dash), and BLG (dash-dot). The three panels show the DPF for all N H hydration waters (left), the 90% most mobile waters (middle), and the 50% most mobile waters (right).
FIGURE 4 Arrhenius plot showing the mean correlation time
AEtae for the 50% (narrow shaded band) and 90% (wide shaded band) most mobile hydration waters and the correlation time t 0 in bulk water (solid curve). The shaded bands each contain three nearly linear curves for BPTI, ubiquitin, and BLG. surface (41) , but solvent-exposed protein surfaces are not flat on the scale of a water molecule. Water NMR relaxation data over a wide temperature range have recently been reported for dilute aqueous (D 2 O) solutions of two small peptides: N-acetyl-glycine-N9-methylamide (NAGMA) and N-acetylleucine-N9-methylamide (NALMA) (5) . Such small solutes do not contain the type of secluded hydration sites that are responsible for the long-t tail of the t-distribution for the protein hydration layer. Therefore, we have v 0 t ( 1 for all hydration sites at all investigated temperatures and j H (v 0 ,T) ¼ j H (T) (Eq. 9). We thus obtain the DPF j H (T) without having to specify the form of the correlation time distribution f(t,T). (As explained in the Theory section, this is not possible for proteins.) Just as for the proteins studied here, NAGMA and NALMA yield a maximum in j H (T). The observation of a j H (T) maximum for small solutes supports our conclusion that the j H (v 0 ,T) maximum observed here for proteins is caused by a crossover of activation energies rather than by a R 1 maximum associated with correlation times of order 1/v 0 . For all three proteins, we obtain T X ¼ 263 6 1 K for p ¼ 0.9 and for p ¼ 0.5 (Table 1, Fig. 3 , middle and right panels), only 7 K above the T X value for the peptides (5). The maximum j H (at T X ) is 1.55 for NAGMA and 2.40 for the more hydrophobic NALMA (5). Very similar maximum j H values are obtained for the proteins: 2.38 (1.55), 2.47 (1.61), and 2.76 (1.65) for BPTI, ubiquitin, and BLG, respectively, at p ¼ 0.9 (0.5). From the similar j H and T X values obtained for proteins and peptides, we conclude that the dynamics, and presumably also the structure, at the vast majority of protein hydration sites are essentially the same as in the hydration shell of small peptides (and other organic solutes (5)). The only essential difference between protein and small-solute hydration is the presence of a minority of secluded hydration sites on protein surfaces, responsible for the long-t tail of the correlation time distribution.
The similar hydration dynamics of proteins and small solutes was noted in previous work from this laboratory (1,7) , but the limited amount of temperature-dependent NMR relaxation data available at that time did not allow a quantitative comparison. While previously published low-temperature MRD profiles for BPTI (7) are consistent with the present findings, the nonmonotonic temperature dependence of the DPF was not anticipated. Instead, the observed ADPF reduction at low temperatures (for BPTI) was attributed to the gradual removal (when t becomes comparable to 1/v 0 ) of the contribution to the ADPF from a few strongly perturbed water molecules in secluded hydration sites. That this is not the main reason for the ADPF reduction at low temperatures is demonstrated by the present finding of a similar reduction of the DPF for three proteins (Fig. 3, left panel) and by similar results for four small organic solutes (5) . Therefore, the previous conclusion (1,7) that AEtae, for most of the protein hydration layer, has a significantly weaker temperature dependence than AEtae for the hydration shell of small organic solutes must be revised. A quantitative comparison with lowtemperature data for small organic solutes, not available until recently (5) , reveals that the hydration dynamics of proteins and small solutes depend on temperature in essentially the same way (see below).
Dynamical heterogeneity in the protein hydration layer
The correlation time t probed by spin relaxation is closely related to the mean residence time (MRT) of a water molecule in a hydration site. In exposed sites with short t-values, the water molecule is more strongly coupled to water than to protein. Rotation (t) and translation (MRT) should then occur on the same timescale, since they are both governed by rearrangement of water-water H-bonds (1, 30, 42) . In secluded sites with long t-values, the water molecule is more strongly coupled to protein than to water. Rotation is then hindered (that is, only librations are allowed) until the water molecule is released by the protein so, again, t should be close to the MRT.
Two MD simulation studies have reported the MRT distribution for the protein hydration layer; in both cases, the power-law distribution in Eq. 11 was found to describe the MRT data over a wide range (9, 10) . For cytochrome c (9), the exponent n % 2.3 (for the range 1 psÀ1 ns) at 300 K agrees closely with our results (Table 1 ). (Since the data shown in Fig. 6 of García and Hummer (9) were not corrected for logarithmic binning, the slope yields n À 1; G. Hummer, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, personal communication, 2007.) The smaller exponent, n ¼ 0.84 (for the range ;20 psÀ20 ns), obtained for acetylcholinesterase (10) may reflect a broader t-distribution for this 60 kDa protein, or it may simply be a consequence of the particular definition of time-averaged hydration sites used in that study (10) .
Rotational correlation times are ideal for probing the dynamics in the hydration layer since rotation is a localized motion. In contrast, translational motion is inherently nonlocal, making it difficult to uniquely define a translational diffusion coefficient for the hydration layer. It is sometimes asserted that water diffusion in the hydration layer is anomalous in the sense that AE(Dr) 2 ae ; t a with a , 1 (29, 31) . For a continuous-time random walk with a power-law waiting time distribution, as in Eq. 11, one can show that a ¼ n -1 (43) . However, the subdiffusive (for a , 1) motion in this model results from the scale invariance of an unrestricted (valid for all t) power-law distribution, leading to a divergent AEtae. In contrast, in the protein hydration layer, the t values are limited to a finite range [t -, t 1 ]. Furthermore, a water molecule that starts out in the hydration layer will rarely visit more than a few hydration sites before reaching the bulk water region. The a-exponents ,1 deduced from MD simulations (29, 31) may thus be artifacts of treating an inhomogeneous system as homogeneous, rather than being an indication of a fundamental change in the diffusion mechanism.
The spin relaxation rate R 1 reports on an orientational TCF AEG H (t)ae that is averaged over all hydration sites on the heterogeneous protein surface. After the ubiquitous subpicosecond damped librational oscillation, the TCF G H (t) for a given hydration site should decay in an approximately exponential fashion, as in Eq. 4. However, because of the broad correlation time distribution, the average TCF decays nonexponentially, as seen from Eq. 15. In simulation studies, the average TCF is sometimes fitted (in a limited time interval) to a stretched exponential function, AEG H ðtÞae ¼ exp½Àðt=t S Þ b (24, 29) . The correlation time distribution f(t) obtained by inverting this empirical function (44) does not exhibit the algebraic long-t tail indicated by our data (and by MD simulations). The b-exponent is reported to be ;0.5 or larger (24, 29) . For b ¼ 0.5, the distribution implied by the stretched exponential TCF has the form f(t) } exp½Àt=ð4t S Þ= ffiffi ffi t p (44), which is very different from a power-law. The stretched exponential function may provide a decent fit in a limited time interval, but it has no theoretical basis and it misses the protein-specific algebraic tail of the correlation time distribution (which is rarely sampled with sufficient statistical accuracy in MD simulations).
Temperature dependence of hydration dynamics
In our analysis, the observed temperature dependence of R 1 is attributed entirely to water dynamics. We thus assume that the protein structure is independent of temperature so that the number N H of water molecules in the hydration layer is constant. At the low temperatures studied here, protein cold denaturation (45) is a potential complication. For proteins that are known to cold-denature, we have found that cold denaturation is accompanied by a characteristic increase in the ADPF j(v 0 ,T) at low temperatures (M. Davidovic, C. Mattea, J. Qvist, and B. Halle, unpublished) . Because this feature is not seen for the three proteins investigated here, we conclude that these proteins do not cold-denature down to 238 K. This conclusion is consistent with the finding that the solution structure of BPTI is virtually identical at 258 and 309 K (46) . BLG is predominantly dimeric at neutral pH, but the large net charge (120) at pH 2.7 reduces the dimer fraction to ,10% under our salt-free conditions (47) . Since the dimer interface buries only 6% of the protein's SASA (48), dimerization should not produce a significant temperature dependence in N H . Furthermore, we neglect the small contraction of the protein at low temperatures. The thermal expansivity of most proteins is ;1 3 10 À4 K À1 (49) . Over a 50 K temperature interval, the protein volume thus changes by ;0.5%, so N H changes by merely (1.005) 2/3 À 1 ¼ 0.3%. The Arrhenius-like temperature dependence of the average correlation time AEtae for the protein hydration layer (Fig. 4 ) may seem inconsistent with the wide range of activation energies, from E À H % 27 kJ mol À1 to E 1 H % 47 kJ mol À1 ; of the individual hydration sites on the protein surface. But the exponential E H distribution decays with a characteristic energy of k B T /(n À1) so that the activation energy of AEtae is essentially E À H 1k B T=ðn À 1Þ (Eqs. [24] [25] [26] , which differs little from E À H : In other words: whereas AEtae has substantial contributions from the long-t tail of the correlation time distribution, the temperature dependence of AEtae is almost completely determined by the more numerous hydration sites with t close to the lower limit t -. To understand the Arrhenius-like behavior of AEtae, we must thus explain why E À H is constant whereas the bulk-water activation energy E 0 varies strongly with temperature (2, 3) .
In bulk water, molecular rotation is a highly cooperative process where large energy barriers are circumvented by a concerted interchange of hydrogen-bonding partners (38, 50, 51) . Decreasing temperature favors low-density configurations with high (icelike) tetrahedral order, which interfere with the cooperative rotation mechanism. This progressive structural change accounts for the dramatic increase of the apparent activation energy E 0 in supercooled bulk water. In the protein hydration layer, the slowing down of water rotation can also be attributed to interference with the cooperative rotation mechanism, partly because of the reduced number of nearby water molecules with which to swap H-bonds and partly because H-bond partners in the protein are either absent (at apolar sites) or else are geometrically constrained (at polar sites). Because these constraints are essentially temperature-independent, the activation energy E À H should not change much with temperature. In a sense, the hydration layer can be regarded as a defect in the surrounding, increasingly tetrahedrally ordered, supercooled solvent. At sufficiently low temperatures, we therefore expect most of the hydration layer to have higher mobility than bulk water. Indeed, our analysis predicts that AEtae for the 50 and 90% most mobile hydration waters falls below t 0 at 239 6 1 K and 234 6 1 K, respectively (Fig. 3) . For the peptides NAGMA and NALMA, the corresponding temperature is 237 K (5). Thus, again we see that most of the water molecules in the protein hydration layer behave in the same way as water molecules in the hydration shell of small organic solutes.
Coupling of protein and water dynamics
The solvent plays a dual role by fundamentally altering the protein's conformational free energy landscape and by providing much of the thermal energy and frictional damping that together govern diffusive conformational motions in the protein. In addressing the latter dynamical aspect, the solvent may be modeled, to a first approximation, as a homogeneous viscous continuum. This description is implicit in conventional hydrodynamic treatments of global dynamics, domain movements, and protein folding.
At the next level of approximation, the dynamic perturbation of the solvent by the protein may be incorporated by assigning a local viscosity h H to the hydration layer, different from the bulk-water viscosity h 0 (36) . In bulk water, the Stokes-Einstein-Debye radius is constant over a wide temperature range, demonstrating that molecular rotation samples dynamical heterogeneities in the same way as the viscosity (J. Qvist, C. Mattea, and B. Halle, unpublished). The rotational correlation time of hydration water is therefore a reasonable proxy for the local viscosity in the hydration layer (36) . In other words: the ratio h H /h 0 is essentially given by the DPF j H . The relative importance of hydration layer and bulk water depends on the fraction of the viscous energy dissipation that occurs in each region. We therefore expect that the hydration layer is more important for localized motions than for large-scale motions and that it is more important for rotational motions than for translational motions (36) . Our results show that most of the hydration layer is highly mobile, being retarded by a factor 2 or less (Fig. 3) , as for the hydration shell of small organic solutes (5) . While large-scale protein motions are only marginally affected by this perturbation (36), localized protein motions and ligand binding events that involve water displacement should be retarded to nearly the same extent as the hydration water. In view of the results in Fig. 4 , we also expect that the frictional damping of localized protein motions has a weaker and more Arrheniuslike temperature dependence than if they were governed by bulk-water viscosity.
Free hydration layer versus confined water
In the protein solutions studied here, only 1-7% of the water molecules are in contact with the protein surface ( Table 1) . The water molecules in this free hydration layer interact with bulklike water as well as with the protein surface. Only by studying such dilute systems can we characterize the perturbation of bulk-water dynamics at the interface between liquid water and protein. Our results show that this perturbation has generic as well as protein-specific aspects (Fig. 3 ). This type of study represents a logical starting point for understanding protein-water interactions in vivo. It has been estimated that ;15% of the water in an E. coli cell belongs to the first hydration layer of proteins or other macromolecular structures (52) . It is therefore likely that most solvent-exposed protein surfaces in vivo are surrounded by multiple water layers. As a model system, a dilute protein solution is thus not only well defined but also of direct biological relevance.
A substantial literature has accumulated on the study of protein-water interactions in solid samples at low water content, such as rehydrated protein powders (53, 54) . Such samples have been studied for their biotechnological relevance or simply because of the difficulty of separating the hydration-layer response from the dominant bulk-water background in a protein solution. Here, we want to caution against uncritical extrapolation of results obtained on solid water-poor samples to in vivo or dilute-solution conditions.
In a protein powder at a typical hydration level of 0.3 g H 2 O (g protein) À1 , the protein molecules are densely packed at 70% volume fraction. For hen egg white lysozyme (HEWL), this water content corresponds to N W ¼ 240 or 40% of the 600 water molecules required to cover the protein surface (calculated as described in Materials and Methods). Some of the water molecules in this sample occupy subnanometer-sized interstitial spaces, others are buried in small cavities between contacting protein molecules. Few, if any, water molecules experience an environment that resembles a free hydration layer. Water dynamics in a protein powder may therefore be dominated by confinement effects and its temperature dependence may reflect structural and dynamic changes in the protein component more than intrinsic water dynamics. These expectations are confirmed by a recent study of water diffusion (on a mm-length scale) in a HEWL powder sample with 0.3 g H 2 O (g protein)
À1 (55) . From the water self-diffusion coefficients measured in the powder sample (D powder ) and in bulk water (D 0 ), the DPF j powder ¼ D 0 / D powder is found to vary from ;20 at 288 K to ;60 at 238 K (55) . These values are 1-2 orders-of-magnitude larger than the DPF j H for the free hydration layer (Fig. 3) . (Note that the measured average diffusion coefficient D powder is dominated by the most mobile water molecules, whereas the average correlation time AEtae that we measure is biased toward the least mobile water molecules. This methodological difference should make j powder smaller than j H , not larger.) Furthermore, the diffusion coefficient D powder was found to have an even more anomalous (super-Arrhenius) temperature dependence than the bulk-water diffusion coefficient D 0 , so j powder (T) increases monotonically at least down to 238 K (55). In contrast, for the free hydration layer, we find that AEtae has a much weaker temperature dependence than t 0 (Fig. 4) , resulting in a crossover of activation energies and a decrease of j H (T) at low temperatures (Fig. 3) .
A series of recent studies indicate that water dynamics in a HEWL powder with 0.3 g H 2 O (g protein) À1 exhibit a weaker, Arrhenius-like temperature dependence to ,;220 K (55-58). It was suggested (55) (56) (57) (58) that this change in the temperature dependence of water dynamics triggers the glasslike dynamical transition that is observed in incompletely hydrated protein samples at 170-230 K and below which conformational fluctuations in the protein are suppressed (54, 59, 60) . Moreover, it was proposed (56-58) that this transition has the same underlying cause as the apparent power-law singularity in bulk water properties at a similar temperature (61) , namely a metastable liquid-liquid critical point in bulk water (62) .
We are skeptical to these proposals. If water in protein powders differs qualitatively from the free hydration layer, why should it resemble bulk water? Although neither the apparent singularity nor the metastable low-temperature phase behavior of bulk water are understood, it is widely believed that these and other anomalies are linked to the tetrahedral H-bond network in liquid water. In a HEWL powder sample with 0.3 g H 2 O (g protein) À1 , there is not enough water to cover even half of the protein surface and few, if any, water molecules are likely to be fully coordinated by other water molecules. It is for this reason that water in protein powders does not form ice at any temperature; it remains in a thermodynamically stable state down to the glasslike dynamical transition. In contrast, bulk water, and the protein solutions studied here, are metastable with respect to ice I h at subzero temperatures. Whereas the free hydration layer can be regarded as the perturbed interfacial region of a bulk liquid water phase, the water molecules in a protein powder do not participate in a bulklike H-bond network. In a protein powder, water and protein are so strongly coupled that it may be meaningless to say that either component triggers the dynamical transition, where water and protein motions are simultaneously suppressed.
CONCLUSIONS
The
